Abstract-With the emergence of new applications, e.g., video gaming, file sharing and proximity aware social networks, high data-rate traffics will be likely to occur between devices in the vicinity of each other. Enabling Device to Device (D2D) communication between such devices can efficiently offload these traffics from the base station. Meanwhile, by reusing the cellular spectrum, D2D has the potential to significantly improve the spectral efficiency. However, if not controlled carefully, the interference caused by D2D communication may severely degrade the performance of regular cellular services. To resolve this issue, this paper proposes a simple guard-zone based mode selection scheme as an efficient and scalable mechanism to manage the interference in D2D underlaid cellular systems. With the help of stochastic geometry, we rigorously analyze the interference and throughput of such system. The results indicate the existence of an optimal guard zone radius that maximizes the total system throughput. Thanks to the tractability of our analysis, the optimal guard zone radius can be efficiently obtained. Through extensive numerical analysis, we show that the success probability and aggregate throughput obtained at the optimal guard zone radius are significantly greater than those without guard zone.
I. INTRODUCTION
The increasing popularity of smart phones and mobile apps have created unprecedented bandwidth demand in cellular systems, mostly due to newly emerged services such as video gaming, location-aware content distribution, proximity-based social networking, etc. Enabling direct communication between user equipments (UEs) in proximity can greatly relieve the bandwidth crunch, as local traffics are offloaded from the cellular core network. Such a technique, referred to as Device-toDevice (D2D) communication, shows great potential to significantly enhance the spectral efficiency and boost up the system throughput of the future cellular systems.
A majority of the literature proposes to operate D2D communication in an underlay inband mode, where D2D links reuse the cellular (typically uplink) spectrum [1] - [4] . Despite the significant potential of capacity enhancement, underlay inband D2D can severely interfere and be interfered by regular cellular traffics [5] . In view of this issue, extensive recent work has focused on interference mitigation between D2D and cellular UEs [2] , [6] . Presumably, good interference management mechanisms hit a right balance between co-channel interference and spatial frequency reuse, and thus achieve a high overall system throughput. In recent studies, D2D interference has been managed through transmit power control [3] , [7] , channel allocation and resource block selection [4] , [8] , beamforming [6] , and interference alignment [9] , [10] . However, these algorithms have high requirement on the instantaneous exchange of the channel information, which induces heavy signaling overhead, especially in the scenario with rapidly varying channel conditions, e.g. Rayleigh fading, and even makes them unworkable. Moreover, such schemes are unscalable because they need centralized processing and only involve a small number of UEs, e.g. one D2D link and one cellular link [6] .
In this paper, we are motivated to investigate a simple, distributed, and scalable interference management scheme for D2D underlaid cellular systems. In particular, we are interested in a guard-zone based mode selection mechanism, with which potential D2D links decide whether to operate in underlay D2D or cellular mode simply based on the distance from the transmitter to the cellular BS. The proposed scheme enjoys the following distinctive advantages. (i) Potential D2D UEs select their own mode simply based on their distances to the BS, regardless of the instantaneous channel state information to other devices. As such, the scheme is extremely simple and fully distributive. (ii) The guard zone radius, once calculated, does not change with fast channel fading and snapshot of UE location.
The key to the guard-zone based mode selection scheme is to set an optimal guard zone radius that maximizes the overall system throughput. To this end, we rigorously analyze the impact of guard zone on various co-channel interferences in the system. Specifically, the optimization of the guard zone radius is based on the statistics of random UE locations and channel coefficients. Thus, once decided, the guard zone radius remains unchanged with the instantaneous realizations of the random factors. As such, the computational complexity of the proposed scheme is extremely low.
We summarize the contributions of our work as below. 1) We propose a guard zone based mode selection scheme as an efficient, simple, and fully distributive interference management mechanism in D2D underlaid cellular systems. 2) We analyze the probability distribution of cochannel interference between D2D and cellular UEs. In particular, closed-form expressions in terms of Laplace transforms have been derived. 3) Based on the interference analysis, we derive the system throughput as a function of guard zone radius, D2D UE density, cellular BS density, etc. The result allows us to efficiently calculate the optimal guard zone radius that maximizes the system throughput.
II. SYSTEM MODEL AND PROPOSED SCHEME
In this section, we describe the system settings, assumptions, and the proposed mode selection scheme of this paper.
A. System Model
We consider an infinite-radius multi-cell system, where the Base Stations (BSs) are regularly deployed in a triangular lattice with edge length 2R c , as depicted in Fig. 1 . Cellular uplink UEs are assumed to associate with the closest BSs, leading to a hexagon cell partition with edge length L = . We use a disk of radius R c to approximate a hexagon cell such that their areas are equal, i.e. πR The term potential means that the UEs have their intended receivers within the direct transmission range, but whether to operate in D2D or cellular mode depends on the mode selection decision. We assume that the potential D2D UEs emerge in pairs. The potential D2D receivers are uniformly distributed within the D2D transmit range R d of their associated transmitters. Note that R d is assumed to be much smaller than the cellular transmit range R c to avoid severe interference to the cellular link. We further assume Φ c and Φ D are independent.
Path-loss is captured by the standard power law, P L(l) = l −α [13] , where l denotes the link length and α is the path-loss exponent. Moreover, both the signal and interference channels are assumed to experience Rayleigh fading. Assume that all transmitters adopt pairwise channel inversion for power control, i.e. they compensate the path-loss to maintain a constant average received signal power P r0 at the receiver [14] . Thus the transmit power is determined by p t = P r0 · l α .
B. Proposed Scheme and Scheduling
The proposed mode selection scheme works as follows. Define guard zones as circles centered at the BSs with common radius R g . To avoid severe interference to the BSs, potential D2D transmitters located within the guard zones are required to operate in cellular mode and share the uplink resource with original cellular UEs in a TDMA fashion. These UEs are referred to as D2D transferred cellular UEs in the rest of the paper. The downlinks of these UEs share the original cellular downlink. On the other hand, potential D2D UEs located outside the guard zones operate in D2D mode and reuse the cellular uplink frequency for transmitting. These UEs are referred to as D2D UEs in the rest of the paper.
III. SYSTEM ANALYSIS
In this section, we first analyze the co-channel interferences in D2D enabled cellular systems with the proposed guard-zone based mode selection mechanism. Then, in subsection III-C, we calculate the success probabilities and average throughputs for both cellular and potential D2D UEs. Based on the results, the optimal guard zone is discussed in subsection III-D.
A. Preliminary Analysis
As can be seen in Fig. 1 , the proposed mode selection mechanism results in three kinds of active UEs (transmitters), i.e. original cellular UE, D2D transferred cellular UE and D2D UE. These transmitters constitute three point processes, denoted by Φ oc , Φ tc and Φ d , respectively. Let S = {oc, tc, d} denote the set of three types of the point processes, and D = {c, d} denote the set of receiver types. Since all UEs use the same frequency, there exist co-channel interferences among these processes. Denote the aggregate interference from the point process of interferers of type m (Φ m , m ∈ S) to receiver (locating at X i ) of type i (i ∈ D) by
where p tj and X j denote the transmit power and the location of interferer j, respectively, ||X j − X i || is the Euclidean distance between X j and X i , and g j is the fading gain of the interfering link from interferer j to the tagged receiver i. Denote the total interference to a receiver of type i by I i = m∈S I m2i . The SINR experienced at a tagged receiver of type i can be expressed as
where P r0 is the average received power, g i is the fading gain of signal link of the tagged receiver, N 0 is the noise power density, and B is the bandwidth. To characterize γ c and γ d , we need to characterize I c and I d , respectively. Due to the independence among the six interferences I m2i (m ∈ S, i ∈ D), it suffices to characterize them individually. Note that though the process of original cellular UEs Φ c is modeled as a PPP, the process of the active original cellular UEs (Φ oc ) is not a PPP since it is a dependent thinning of Φ c [11] . To understand that, we notice that it is possible for more than one active UE to occur in one cell by the independent thinning of a PPP but not in the process of active original cellular UEs due to the orthogonal scheduling. The process of D2D transferred cellular UEs is not a PPP either, but a cluster process with regular centers. Thus the process of the active D2D transferred cellular UEs (Φ tc ) is not a PPP. On the other hand, the D2D transmitters (Φ d ) form a hole process, in which the holes are created by the guard zones.
Very often, non-PPPs are approximated as PPPs for mathematical tractability, and some approximations are shown to be reasonably accurate [16] , [17] , [18] . In the following, we also approximate the interferer processes as PPPs with carefully chosen densities and guard zone radii. The approximations will be validated by simulations together instead of individually due to the page limit.
B. Analysis of Individual Interferences
In this subsection, we are interested in deriving the (approximate) probability distributions for individual interferences in terms of Laplace transforms [12] .
1) Analysis of I oc2c : Note that cellular UEs in the same cell, including the original and D2D transferred, access the channel in a TDMA fashion. Thus, there is no intra-cell interference from UEs in cellular mode to the BS. Specifically, interferers contributing I oc2c are located outside the cell of the tagged BS. In fact, this interference is exactly the same as I c in section IV of [14] except that I oc2c is an independently thinned version. In [14] , I c was approximated by the interference from a PPP outside the considered cell with equivalent density λ b , which was validated to be accurate in Fig. 4(a) . In analogy, we approximate I oc2c with that of a PPP outside an exclusive region of radius R c with density
c . Note that λ oc is independently thinned from λ b since we assume the original cellular UEs and the D2D transferred cellular UEs are randomly and orthogonally scheduled for uplink transmission.
With this approximation, we still need to explicitly characterize the distribution of the interference from the approximated PPP to a BS, of which the general form is formally stated in the following Proposition.
Proposition 1: In an infinite Poisson network with Rayleigh fading and channel inversion power control, i.e., p t = P r0 · l α , where the link length follows
, (l m = max l), denote the aggregate interference measured at the center of an exclusive region of radius R G by I. The Laplace transform of the probability density function (pdf) of I is [19] .
In particular, if the interferers are distributed in an annular region with inner and outer radii of R GS and R GL , respectively, the corresponding Laplace transform becomes
The proof is omitted due to the page limit.
Notice that the Laplace transform derived in Proposition 1 is a function of the PPP density λ, exclusive region radius R G , and maximum link length (transmit range) l m . Thus, we denote
2) Analysis of Other Interferences:
• I tc2c : Φ tc is very similar to Φ oc except for their exclusive region radii and the transmit ranges of their interferers. Specifically, Φ tc has density λ tc = λ b − λ oc and exclusive region radius 2R c − R g , which is denoted by the dash circle in Fig. 1 . The transmit range of these interferers is R g . Similar to I oc2c , the interference of a PPP with equi-density λ tc and exclusive region of radius 2R c − R g provides reasonably accurate approximation for I tc2c .
The corresponding Laplace transform is L Itc2c (s) = Ψ(s, λ tc , 2R c − R g , R g ).
• I d2c : To model the interference from Φ d , we divide the entire area into two parts and approximate the interferences from them separately. In Fig. 1 , the two parts correspond to the white regions inside and outside the dash circle, respectively. Note that the D2D UEs located in the inner part constitute a homogeneous PPP, the interference from which can be accurately characterized rather than approximation. This part has density λ d1 = λ D , inner radius R g and outer radius 2R c − R g . The D2D UEs in the outer part constitute a hole point process, the interference from which can be well approximated by an equi-dense PPP with the technique adopted in [17] , [20] , [21] , i.e. λ d2 = λ D · e −λ b πR 2 g , and with exclusive region of radius 2R c −R g . As a result, the Laplace transform is
• I oc2d : For a generic D2D receiver, the interference from the original cellular UE can be well approximated by that generated by a PPP with equivalent density λ oc , similar to that in [14] (and validated therein). There is no natural exclusive region for this PPP as the interferer can be arbitrary close to the D2D receiver. However, to prevent infinite moments of the interference power, we use a small exclusive region of radius 1, which will not change the distribution in overall, resulting in a Laplace transform of L I oc2d (s) = Ψ(s, λ oc , 1, R c ).
• I tc2d : Resembling the interference from the primary transmitter within a guard zone to the cognitive receiver in [21] , I tc2d is dominated by the interference from a PPP with equivalent density λ tc . This upper bound is verified to be tight in [21] . Using an exclusive region of radius 1, we obtain the Laplace transform as L I tc2d (s) = Ψ(s, λ tc , 1, R g ).
• I d2d : Notice that the aggregate interference distribution is dominated by the distribution of the interferers in proximity [15] . For a D2D receiver, since the guard zones basically do not change the density of its neighbouring D2D transmitters, the distribution of nearby interferers remains the same in overall, especially when R g is small. On the other hand, the approximation simply with the interference from Φ D provides a tight upper bound on I d2d [21] . Thus we use the interference from the PPP Φ D to approximate I d2d . Again, we use a exclusive region of radius 1 and obtain the Laplace transform as
Note that for Prop. 1 to apply, we need the link lengths of the interferers to follow a distribution f (l) = 2l l 2 m , in which l m is the transmit range. Actually, this requirement is automatically satisfied for original cellular UEs, D2D transferred cellular UEs and D2D UEs by the property of PPP, the setting of guard zone and our assumption of the potential D2D UE pairs, respectively.
Upon obtaining the Laplace transforms for individual interferences, we get the Laplace transforms of the total interferences to the BS and the D2D receiver as follows,
where i ∈ D and equation (Δ) follows by the independence among I oc2i , I tc2i and I d2i , which results from the independent fading.
C. Throughput Analysis
The success probability p s (γ 0 ) = P {γ > γ 0 }, where γ 0 is the SINR requirement, can be expressed in terms of Laplace transform in Rayleigh fading scenario, as presented in the following proposition.
Proposition 2: When the signal link experiences Rayleigh fading and adopts channel inversion power control, the success probability is
where N = N 0 ·B is the noise power, and L I (·) denotes the general Laplace transform of I. Proof: The proof is omitted due to the page limit.
Substituting Eqn. (5) into Eqn. (6), we get the success probabilities for the cellular uplink and D2D link, respectively, p
where i ∈ D denotes the UE type of the receiver.
Before analyzing the throughput, we first validate our interference analysis in terms of success probability (CCDF of SINR). The simulations are conducted under different γ m = Pr0 N [14] . The parameters for the validation are summarized in Table I . 
The comparisons can be seen in Fig. 2 , from which we can see that the analytical results fit the simulations fairly well and thus that the interference analysis is well validated. Specifically, Fig. 2(a) and Fig. 2(b) show the comparisons when R g = 200m and R g = 400m, respectively. In both figures, the errors become smaller when γ m decreases (or equivalently N increases), along with which the success probabilities decrease. Now that we have validated our analysis above, we are ready to derive the average throughput of individual UEs. We obtain the average cellular UE throughput T c , potential D2D UE throughput T D , and the aggregate throughput per cell T A , as follows, Fig. 2 . Model validation in terms of SINR CCDF. We consider the BS at the center of a disk area of radius 5000m and D2D UEs within its cell coverage to avoid boundary effect. Every data point is an average over 1000 topologies, in each of which 100 channel realizations are repeated.
where we omit the constant term in the rate of a link
and use the success probability directly. N c is the number of UEs in cellular mode, including original cellular UEs and D2D transferred cellular UEs, in the cell of the considered BS. Note that in Eqn. (8a), , respectively, the throughput of potential D2D UE should be averaged over these two modes. Note that N c is a Poisson random variable with mean
cannot be expressed in closedform and can only be found numerically. Nevertheless, it can be well approximated by
D. Optimal Guard Zone Radius
In this subsection, we discuss the existence and calculation of the optimal guard zone radius that maximizes certain performance metric.
Let us take the success probability of cellular user p s c for example. Note that (i) I oc2c decreases with R g , (ii) I tc2c increases with R g and (iii) I d2c decreases with R g . (i) follows since the density of active original cellular users, i.e.,
, decreases with R g . (ii) follows for both the density and the maximal transmit distance of the active D2D-transferred cellular users (λ tc = λ b − λ oc and R g , respectively) increase with R g . (iii) follows intuitively by noting that R g is the exclusive region radius in I d2c . It can be seen that when R g is small, I tc2c is small and I oc2c + I d2c dominates I c . Since increasing R g causes I oc2c + I d2c to decrease, we know p s c increases. When R g is large, both I oc2c and I d2c become small and I tc2c is dominant. Since further increasing R g causes I tc2c to increase, we know p Thanks to the analyticity of the expressions of the considered metrics, we can take analytical derivative of the objective metric with respect to R g . By solving for the root of the first order derivative numerically (if there exist), which can be done efficiently by methods like Binary Search etc., we can efficiently find the optimal R g for any metric, in several seconds. Further, we can also calculate the second order derivative at the root found to verify that it does is a local maximum point.
As for p s c , we can get its first order derivative with respect to R g symbolically by MATLAB in a few seconds and have the resultant equation, i.e. Eqn. (9) , solved numerically to get the optimal guard zone radius in another few seconds, e.g., 4 seconds with a desktop PC.
IV. NUMERICAL RESULTS
In this section, we discuss the role of guard zone in improving the system's performance metric through numerical simulations. The parameters are the same as those specified in Table I except that γ m = 100 and γ 0 = 1.
A. Success Probability 
where
), R c correspond to the cases of D2D enforced network and traditional cellular network, respectively.
• There exist a guard zone radius that maximizes p The reason of the first observation can be seen in subsection III-D.
For the second observation, we notice that in the interference to the BS (I c ), I oc2c + I tc2c is usually dominant (except when λ D is extremely large). For a fixed but not too small R g , e.g. 200m, larger λ D results in smaller λ oc and larger λ tc . Equivalently, larger λ D replaces more original cellular UEs with D2D transferred cellular UEs. Since the D2D transferred cellular UEs have smaller transmit range than original cellular UEs and the exclusive region in Φ tc is larger than that in Φ oc , larger λ D leads to smaller I oc2c + I tc2c and thus higher p s c . However, for the D2D receivers, similar curves can be seen only when λ D is small, i.e. I d2d is not dominant. When λ D is large, I d2d becomes dominant, in which case larger λ D leads to larger I d2d and thus larger I d . Thus the curve with larger λ D , e.g. 5 ·10
−5 , is always beneath those with smaller λ D 's.
B. Aggregate Throughput
We also investigate the relation between guard zone radius and the aggregate throughput per cell, as shown in Fig. 4 .
From Fig. 4 we can see that with a properly configured guard zone, the proposed scheme can significantly improve the aggregate throughput over the D2D enforced network (when R g = 0). Specifically, the aggregate throughput gain obtained at the optimal guard zone increases with λ D , from 1.02 to 1.18 for λ D ranging from 1 · 10 −5 to 5 · 10 −5 . Notice that all the curves converge to one point at R g = R c . The reason is that when R g = R c , all UEs operate in cellular mode, in which case the aggregate throughput is not related to λ D .
It should be noted that the maximum gain on T A obtained at the optimal guard zone radius depends on the system parameters and that it does not monotonically increase with λ D . Instead, it only increases with λ D when λ D is not too large. When the density becomes too large, it decreases with λ D . Under the setting of the numerical simulation, the threshold is around 2 · 10 −4 , or equivalently 160 potential D2D UEs per cell.
V. CONCLUSIONS
In this paper, we have proposed a guard zone based mode selection scheme to manage the interference in D2D underlaid cellular network. An analytically tractable framework has been developed to analyze and evaluate the system level performance of this system. We first obtained the Laplace transform for general interference in PPP with an exclusive region. Based on this, we analyzed six types of interferences in our system. Success probabilities and throughputs of cellular and potential D2D UEs have been derived, respectively. Numerical results revealed that noticeable throughput gain can be achieved by choosing the optimal radius of the guard zones around the BSs. They also demonstrated that the proposed scheme can avoid severe degradation of the cellular communication and preserve the benefit of high spectral efficiency at the same time. With the analytical model, the optimal guard zone radius can be found efficiently due to the tractability of the model, instead of by exhaustive search.
